M
arine n-3 polyunsaturated fatty acids (n-3PUFA) are believed to be beneficial for CNS development (1) and the prevention of cardiovascular disease. Among the affected cardiovascular risk factors in adults are blood pressure (2) and heart rate (HR) (3) which are both influenced by the autonomic nervous system. Early intake of n-3PUFA is hypothesized to have programming effects on later cardiovascular health (4, 5) . Perinatal maternal n-3PUFA deficiency has been shown to result in a life-long increase in blood pressure in rat offspring (6) . In a randomized controlled trial with formulafed human infants, intake of long-chain polyunsaturated fatty acids of both the n-3 and n-6 type was also found to be inversely associated with blood pressure later in childhood (7) .
In early infancy, n-3PUFA are supplied, as all other nutrients, by breast milk, which contains both short-and longchain n-3PUFA (1). After cessation of breast feeding, marine foodstuffs are the major source of long-chain n-3 polyunsaturated fatty acids (n-3LCPUFA), primarily eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Late infancy is a vulnerable period of rapid growth and transition from a milk-based diet to the family diet and the consumption of n-3LCPUFA is often limited during the complementary feeding period. In many countries, fish is not used as a common complementary food, and some countries even have an unsubstantiated recommendation to avoid the introduction of fish during infancy because of a believed increase in the risk of allergy (8) . A daily supplement of cod liver oil during infancy and early childhood was previously recommended in the Nordic countries because of the content of vitamin D and A, and is still recommended in Norway, also because of the content of n-3LCPUFA. However, the implication of infant fish oil supplementation for health and development has not been thoroughly investigated.
HR and heart rate variability (HRV) was shown to be improved by fish oil supplementation in a number of randomized controlled trials in adults (9) and are among the newer cardiovascular risk markers, which appear to be closely linked to cardiovascular events, in particular sudden cardiac death (10) . HRV has also been linked to sudden death syndrome in infants (11) . HRV reflects cardiac vagal tone, which is associated with infant maturation and has been suggested to be a developmental expression of the autonomic nervous system (12) . HR and HRV have been shown to decrease and increase, respectively, with age during infancy and early childhood (13) (14) (15) and to be associated with cognitive function (12, 16, 17) . In observational studies, maternal n-3LCPUFA intake or neonatal "n-3PUFA-status" have been associated with later cognitive function and problem behavior (18, 19) . Thus, n-3PUFA may affect physiologic as well as cognitive functions.
We performed a 2 ϫ 2 randomized trial in 9-mo-old infants to see whether 3 mo of fish oil supplementation affects health status, assessed by HR, HRV, blood pressure, and plasma lipid profile in late infancy. We have previously published the blood pressure and plasma lipid profile results (20) , and this article focuses on HR and HRV.
SUBJECTS AND METHODS
The study design, recruitment procedure, subjects, and interventions have been reported in detail (20) and are described only briefly. The study had a randomized 2 ϫ 2 factorial design, in which infants were randomized to receive fish oil or no supplement from 9 to 12 mo of age. Within each of these groups, the infants were also randomized to drink either standard infant formula or whole cow's milk. Ninety-four infants were recruited from the National Danish Civil Registry during May-October 2003. The inclusion criteria were singleton infants born at Ն37 wk of gestation, birth weight Ͼ2500 g and above the 5th percentile for gestational age according to Danish reference material, 5-min Apgar score Ն7, no major complications during pregnancy or at delivery, and no chronic diseases. Only infants with a daily consumption of cow's milk or formula, whose parents agreed to the principle of randomization, were included. If the child was allocated to fish oil, five 105 mL bottles of Eskimo-3 (Cardinova, Sweden; donated by Anjo A/S, Frederiksberg, Denmark) were provided from our department. The parents were asked to give their infant 1-2 teaspoonfuls daily, to keep open bottles refrigerated, to return remaining bottles, and to report waste. The mean intake of fish oil was estimated to be 3.3 mL/d (range, 0.8 -5.0 mL/d), corresponding to 924 mg/d n-3LCPUFA. The drop out rate after randomization was 12% (n ϭ 11) and not significantly different between the groups (p ϭ 0.149).
The study was approved by the Ethical Committee of the Municipalities of Frederiksberg and Copenhagen (J. no. KF 02-014/03) and has been registered in a clinical trial database (ClinicalTrials.gov NCT 00379171). Both parents of all participating infants gave written consent to participate after the study had been explained to them orally and in writing.
The infants were examined at our department before the beginning of the intervention at the age of 9 mo Ϯ 3 wk and at the end of the intervention, 3 mo Ϯ 3 wk later. Here, the parents were instructed in food recording and interviewed about the diet, growth, and health of the infant. Infant diet was recorded for 7 consecutive d by use of a precoded dietary record. To standardize fasting, the parents were asked to give a meal approximately 2 h before the examination. At both visits, we measured blood pressure, HR, and anthropometry and took venous blood samples. The fatty acid composition of the erythrocytes (RBC) was analyzed on 1-mL heparinized blood extracted by the Folch procedure (21) in the presence of butylated hydroxytoluen and analyzed by gas liquid chromatography [HP-6800, Hewlett-Packard, as described in (20) ]. RBC fatty acid composition was successfully in around 68% of the infants at each visit and in 53% of the infants at both occasions. Values are expressed as the chromatogram area of specific fatty acids relative to the total chromatogram area (FA%).
Measurement of HR and HRV. The HR and HRV were obtained from ECG recordings as previously described (22) . In brief, ECGs were recorded continuously for 0.5 h (including calibration time) by a two-channel tape recorder (Tracker Reynolds, Reynolds Medical, Hertford, UK), while the child was doing an attention task [as described by Colombo et al. (23) ]. All recordings were analyzed with commercially available software from Diagnostics Monitoring (Santa Ana, CA). The following time-domain variables were analyzed: the mean length of all normal RR intervals during the recording (RR), the SD of all RR intervals in the recording (SDNN), the mean of the SDs of all normal RR intervals in 5-min segments of the recording, the SD of the mean of RR intervals measured in successive 5-min intervals, and the square root of the mean of the sum of the squares of the differences between adjacent intervals. Noise and errors were excluded during the editing process and Ͼ80% of the RR intervals in the ECG recordings had to be present to be included. The assessed HR-and HRV-parameters were based on the basis of 1030 Ϯ 766 normal QRS-complexes (n ϭ 114). HRV was successfully determined in 84 infants at 9 mo, in 61 infants at 12 mo, and in 57 infants at both 9 and 12 mo. Only infants with HRV data at both occasions have been included in this article. The characteristics of these infants are shown in Table 1 .
Statistics. All data were analyzed with SPSS (version 13.0; SPSS Inc., Chicago, IL) and a significance level of p Ͻ 0.05 was used. Results are given as x Ϯ SE or SD for the descriptive variables. Normality was checked with histograms and the Shapiro-Wilk test. Comparisons of RBC-EPA values at 9 and 12 mo within each group were performed using a paired t test. The descriptive variables and HR and HRV parameters were entered as outcome variables in two-way analyses of covariance (ANCOVA) with fish oil intervention and milk intervention as fixed factors and baseline values as covariate. Gender (15) was also included as a fixed factor in the analysis. The analysis was performed as full factorial analysis including all factors and covariates and interactions between both interventions and gender. Factors were excluded successively according to p-value. The fish oil intervention and baseline values were kept in all models. The milk intervention did not have significant effects in any of the final models, and no significant interaction was seen between the two interventions. Data are therefore presented with the milk groups combined. If a significant interaction was observed between the fish oil intervention and gender, the above analyses were performed in the gender subgroups. Significant differences in HR and HRV between the groups were further investigated by multiple regression analysis to test a possible dosedependent relationship between RBC-EPA or total n-3PUFA content [biomarkers of the fish oil intake (20) ] and the outcome variables, as described for the ANCOVA above. In correlation analyses with HR-measures at baseline, we used DHA and not EPA, as DHA best reflects habitual n-3LCPUFA-intake. Bivariate correlations were performed with Pearson's Product Moment Correlation. With a mean of 28 infants with successful assessments in each group, this study was powered to show an effect of 0.75ϫ SD in the different HR-parameters.
RESULTS
The fatty acid composition of the RBC at baseline did not differ between the two fish oil groups, and fish oil supplementation significantly increased the content of n-3LCPUFA in the RBC of the infants with a concomitant decrease in n-6 fatty acids (24) . Total n-3LCPUFA content of the RBC was 14.5 Ϯ 2.8 and 8.6 Ϯ 1.6 FA% at 12 mo in the fish-oilsupplemented and unsupplemented groups, respectively. The RBC content of n-3LCPUFA, especially that of EPA, was linearly associated with the estimated daily fish oil intake (r ϭ 0.86, n ϭ 53, p Ͻ 0.001) (20) . RBC-EPA was increased by 2.64 Ϯ 0.31 (n ϭ 24, p Ͻ 0.001) FA% point in the fish-oilsupplemented groups and by only 0.24 Ϯ 0.06 FA% point (n ϭ 22, p ϭ 0.006) in the unsupplemented groups.
Values for the HR and HRV variables at 9 and 12 mo are given in Table 2 . A significant association was observed in ANCOVA between the 9 and 12 mo values for all HR and HRV parameters (data not shown). No differences in HRV were observed between the groups in ANCOVAs, but there was an effect of fish oil intervention ϫ gender on mean RR (p ϭ 0.001). The fish oil intervention was found to have an effect on the mean RR interval in boys, whereas no significant difference was seen in girls (Table 3) . No significant effect of fish oil intervention ϫ gender was observed for the other HRV-parameters. The p-value for the effect of fish oil in the 2) Total duration of breast-feeding (mo) 7.1 (4.0 -10.0) 9.1 (5.
The descriptive data are given as mean Ϯ SD, ratios or medians (25-75 percentile range).
No significant group differences were found in a t test.
final model for HRV expressed as SDNN was 0.22. No significant group difference was found on the raw HR estimate from the ECG recordings and the p-value of the treatment-sex interaction was 0.111 (data not shown).
In infants with successful assessment of both ECG and RBC fatty acid composition at both 9 and 12 mo, the change in mean RR from 9 to 12 mo was strongly associated with the change in RBC-EPA (Fig. 1 ) and the change in total n-3PUFA (r ϭ 0.694, n ϭ 30, p Ͻ 0.001). Furthermore, there was a tendency toward an association between mean RR at 9 mo and the total n-3PUFA content in RBC at 9 mo (r ϭ 0.281, n ϭ 38, p ϭ 0.088; r ϭ 0.305, p ϭ 0.062 for DHA). Correlations were observed between the 9-and 12-mo change in mean RR and the changes in SDNN (r ϭ 0.442, n ϭ 57, p ϭ 0.001) and the other HRV parameters (data not shown). The change in all HRV parameters between 9 and 12 mo was found to be correlated with the baseline values (with r-values of 0.6 -0.7, n ϭ 57, p Ͻ 0.001)-thus, the higher the variability at baseline, the smaller the potential modification by fish oil.
No significant difference was found in the increase in RBC-EPA between the boys and girls in the fish-oil-supplemented groups (data not shown). However, in three of the infants from the fish-oil-supplemented groups, all girls, RBC-EPA was only increased by 0.31-0.55 FA% point. The RBC-EPA change in one of these infants was clearly below that expected from the reported intake of fish oil. Information about the intake of fish oil from the other two infants could not be obtained. The RBC-EPA values of these subjects indicate a low actual compliance, which based on the change in RBC-EPA are expected to have been maximally around 0.5 mL fish oil/d. When an ANCOVA of the effects on mean RR (interventions, gender, baseline) was performed including only infants with a confirmed relevant change in RBC fatty acid composition (Ͼ1% point EPA increase in the * A sex-treatment interaction was observed for RR (p ϭ 0.001), but no significant differences between the fish oil and the no fish oil-group were found by a group comparison of the other variables.
† Not Gauss distributed and thus shown as median (25-75 percentile). All other data are shown as mean Ϯ SE. RR, Mean length of all normal RR-intervals during the recording; SDNN, SD of all RR-intervals in the recording; SDANNi, SD of the mean of RR-intervals measured in successive 5-min intervals; SDNNi, mean of the SDs of all normal RR intervals in 5-min segments of the recording; and RMSSD, the square root of the mean of the sum of the squares of the differences between adjacent intervals. fish-oil-supplemented groups), then fish oil was found to have a significant effect on mean RR (p ϭ 0.011, n ϭ 27), whereas gender and fish oil intervention ϫ gender were no longer statistically significant.
DISCUSSION
We showed that 3 mo of fish oil supplementation resulted in a pronounced increase in infant RBC n-3PUFA, a commonly used biomarker of n-3LCPUFA intake. Furthermore, we found that fish oil supplementation resulted in a longer mean RR (lower HR) among boys. This effect on HR was strengthened by a significant correlation between the increase in RBC n-3LCPUFA and the change in mean RR during the intervention. Because no gender specificity was found in the correlation, the gender difference appears to be due to differences in compliance between the genders and thus not a true physiologic difference. Therefore, the overall results of the trial may indicate a decrease in HR. Several studies have shown a strong association between HR and HRV in young children (13) . This study is, to our knowledge, the first randomized trial to investigate the effect of n-3LCPUFA intake on heart rhythm and other cardiovascular risk markers [e.g., blood pressure and plasma lipid profile (20) ], in late infancy. Butte et al. (25) have found lower 18 h-HR at 1 and 4 mo in breast-fed infants compared with formula-fed infants. This may be due to differences in n-3PUFA intake, because formulas at that time contained only ␣-linolenic acid and no n-3LCPUFA. In a randomized trial, in which mothers were supplied with fish oil during lactation, we have previously observed a significant gender-specific effect of n-3LCPUFA on mean RR interval and HRV in the 2.5-y-old children, with lower HR in boys, but higher HR and lower HRV in girls (22) .
The infants in the present study had higher HR and lower HRV than we have previously observed in 2.5-y-old children measured under similar conditions (22) . This is accordance with what we expected due to the difference in age (13, 14) . The infant HRV measures in the present study were lower than those reported in studies with 18 -24 h ECG recordings, but the RR intervals were comparable to those observed in other studies during late infancy (13, 14, 25) . No effect of the fish oil was detected on the raw HR estimates, but calculation of the mean RR interval provides the most valid assessment of HR. The short ECG recordings may be a limitation in the present study and they were furthermore not made under strictly standardized circumstances. We tried to plan the visits so that the infant was awake and not hungry, but fasted for preferably 2 h. A more complete standardization would be hard to achieve in healthy young children. The ECG was recorded while the infants were doing an attention task, which may have influenced the HR and HRV and may have promoted differences between the groups. This trial only included a small group of children and is presumed to have had relatively high levels of random variation on the outcome measurements. Sample size was unfortunately reduced because of a low success rate of the ECG recordings (only about half of the infants on both visits). The power of the trial is therefore low, thus increasing the probability of not detecting actual effects (type II errors). The power of the gender subgroup analysis was even lower, but the indicated effect in boys and the dose-response relationship of fish oil on mean RR, as well as the effects on blood pressure and plasma lipid profile (20) , were in agreement with results from larger more controlled adult trials.
We wanted to study possible effects of the traditional Nordic habit of giving fish oil to infants so no placebo was used as a control to the fish oil supplement. The infants were given fish oil doses comparable with that used in the many adult studies. The dose was comparable with that recommended in Norway from 1 mo of age and thus assumed to be safe, but no safety measures such as bleeding time were included. Based on the RBC fatty acid composition, there appears to be some lack of compliance and an unreliable parental reporting of compliance. Thus, we assumed a similar low compliance in the children from whom we could not verify this due to lack of blood samples. A major strength of the current study is the inclusion of blood samples from the infants, because this is allowed for research purposes in Denmark. However, the unsuccessful blood sampling resulted in only approximately half of the infants having both samples, but no significant difference was observed between the change in RR from 9 to 12 mo in infants with or without blood samples (data not shown). Although not significant, the total duration of breast feeding and maternal fish intake was low in the fish oil group versus the control group, and this may have blunted the observed difference between the outcomes in the groups.
Despite the limitations, the results from our trial indicate that an increased intake of n-3LCPUFA could affect heart rhythm in healthy Danish infants with a habitual fish intake of around 7 g/d (20) . Several cardiovascular risk markers, including HRV, appear to be most pronouncedly affected by fish oil in individuals who are older, have a less healthy risk profile or a low content of n-3PUFA in cell membranes from various tissues (2, 3, 26, 27) . The level of RBC-DHA of the infants in this study was comparable with those previously found in 2.5-y-old Danish children, which was decreased compared with that in early infancy and in mothers during pregnancy and lactation (28, 29) . The fact that we detected physiologic effects of the fish oil supplement, together with the low RBC-DHA level could indicate that healthy Danish infants may have a low "n-3PUFA-status." However, the n-3LCPUFA intake in Denmark is relatively high compared with many other countries, probably due to a high intake of fatty fish such as mackerel and herring, which is substantiated by a considerably higher content of DHA in breast milk from Danish mothers, compared with other Western countries (1, 30) . The "n-3PUFA-status" in Danish infants also seems to be more favorable compared with other populations. The n-3LCPUFA content of RBC at 12 mo in our unsupplemented group (24) was comparable with the levels found in the groups supplemented with DHA-enriched eggs in two studies from the United States and Australia (31, 32) . Thus, we would expect that the results we report here would be stronger in infants from countries with a lower fish intake.
The acute and long-term clinical consequences of a slightly lower HR or higher HRV in infancy are, to our knowledge, not known. A cross-sectional study has demonstrated that higher HR is related to less s.c. fat, but the causality is not known (33) . It is also not known to what extend HR is tracking from childhood to adulthood. Tracking may be caused by biologic programming or a tracking in lifestyle and lifestyle markers, e.g., diet has been shown to "track" from adolescence to adulthood (34) . Dietary effects on HR may be caused by changes in cardiac electrophysiology or changes in the autonomic control of the heart (35) . An effect of n-3PUFA on the autonomic control of heart rhythm may provide a common link between possible effects on HR in infants and on CNS development. The observed effect of fish oil, especially in the boys in this study, may be interpreted as an indicator of accelerated CNS maturation, because vagal tone increases with age, as reflected by a decreasing HR and an increase in HRV during early childhood. Increased vagal tone has been shown to be associated with cognitive function (12) . Neonatal cardiac vagal tone during sleep in very low weight infants has also been found to be associated with school-age social competence (16) . Vagal tone-typically assessed during sleep in infants-has also been suggested as a physiologic marker of stress vulnerability (12) . Vagal tone changes in response to stressors, such as mental demands (12) and changes in vagal tone during an attention tasks at 9 mo of age has been observed to be closely associated with behavioral problems later in childhood (17) . Maternal fish intake and early infant "n-3PUFA-status" has also been associated with later problem behavior in observational studies (18, 19) .
This study suggests that fish oil supplementation has an effect on HR in healthy Danish infants similar to that in adults. The immediate effects of a HR-modulation on infant health are uncertain. The indicated effect of fish oil on HR, especially in boys, may imply low "n-3PUFA-status" in late infancy and differences in CNS function. As the low intake during late infancy also could have negative effects on cognitive function. It is of importance to further explore whether an increased n-3LCPUFA intake during the complementary feeding period could have beneficial long-term effects.
